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Assignment of Early Caudal Identity
to Neural Plate Cells by a Signal
from Caudal Paraxial Mesoderm
Jonas Muhr,* Thomas M. Jessell,²³ Bronner-Fraser, 1995; Dickinson et al., 1995; Liem et al.,
1995).and Thomas Edlund*³
*Department of Microbiology The cell types that are generated in response to these
dorsalizing and ventralizing signals differ in identity, ac-UmeaÊ University
S-901 87 UmeaÊ cording to the position of origin of neural progenitor
cells along the rostrocaudal axis (Lumsden and Graham,Sweden
²Howard Hughes Medical Institute 1995). At mesencephalic levels and more caudally, SHH
induces the differentiation of floor plate cells, motorDepartment of Biochemistry and Molecular
Biophysics neurons, and other caudal neuronal types (Ericson et
al., 1995; Hynes et al., 1995; Marti et al., 1995; RoelinkCenter for Neurobiology and Behavior
Columbia University et al., 1995; Tanabe et al., 1995; Wang et al., 1995; Eric-
son et al., 1996), whereas at rostral levels, SHH signalingNew York, New York 10032
is required for the generation of ventral cell types char-
acteristic of the diencephalon and telencephalon (Ekker
et al., 1995; Ericson et al., 1995; Chiang et al., 1996;Summary
Dale et al., 1997). The nature of the cellular interactions
that establish the early distinction in properties of neuralThe early patterning of the vertebrate central nervous
progenitor cells located at rostral and caudal levels ofsystem involves the generationof progenitor cells with
the neural plate, however, remains unclear. Is this dis-distinct fates at rostral and caudal levels of the neu-
tinction an intrinsic property of cells in the neural plateraxis. We provide evidence that the assignment of
at the time of its induction, and/or is it established byearly rostrocaudal differences in progenitor cell prop-
rostrocaudal differences in the signaling properties oferties is established by spatial restrictions in the sig-
nonneural cell groups that lie adjacent to the neuralnaling properties of the paraxial mesoderm and epi-
plate?dermal ectoderm. Caudal level paraxial mesoderm
To address this issue, we have monitored the genera-secretes a factor, distinct from retinoic acid or fibro-
tion of cell types in chick neural plate tissue isolatedblast growth factors (FGFs), that can impose caudal
from different rostrocaudal levels of the neuraxis, grownfates on prospective anterior proencephalic progeni-
in the presence or absence of nonneural cell groupstors. The caudalizing activity of the paraxial mesoderm
that lie adjacent to the neural plate. We provide evidencecan, however, be induced by FGF signaling. The dis-
for the action of a signal derived from caudal level par-tinct properties of cells at rostral and caudal levels of
axial mesoderm that can confer caudal character onthe neural plate appear to depend, in addition, on the
prospective anterior proencephalic neural plate cells.early exclusion of bone morphogenetic proteins (BMPs)
This caudalizing activity is not exhibited by the noto-from rostral level epidermal ectoderm. Thus, differ-
chord and is also absent from rostral paraxial and axialences in the signaling properties of cell groups that
mesoderm. The temporal profile of expression of theflank the neural plate appear to contribute to the early
caudal paraxial mesoderm-derived activity raises therostrocaudal identity of neural cells, distinguishing pro-
possibility that it may normally impose an early caudalgenitor cells at prospective anterior proencephalic re-
character on neural plate cells, permitting them to re-gions from those at more caudal levels of the neuraxis.
spond subsequently to SHH and BMPs with the genera-
tion of diversecaudal cell types. Our results also suggestIntroduction
that the expression of caudalizing activity in the caudal
paraxial mesoderm is promoted by fibroblast growthIn vertebrates, the early patterning of specific neural cell
factors (FGFs). The initial acquisition of distinct proper-types depends on the position that cells in the neural
ties of neural plate cells at telencephalic levels mayplate occupy with reference to local sources of secreted
also depend in part on the exclusion of BMP-mediatedinductive factors. At caudal levels of the neuraxis that
signaling from telencephalic level epidermal ectoderm.give rise to the spinal cord and hindbrain, the identity
Taken together with recent studies on the rostralizingand position of generation of cells appears to be defined
activity of the prechordal mesoderm (Dale et al., 1997),by independent signaling systems that operate along
these findings provide evidence that in the amniote em-the rostrocaudal and dorsoventral axes of the neural
bryo, the initial divergence in fate of neural progenitortube (Lumsden and Krumlauf, 1996; Tanabe and Jessell,
cells at rostral and caudal levels of the neural plate may1996). Dorsoventral patterning depends initially on the
be the consequence of position-dependent differencesactions of Sonic Hedgehog (SHH), a ventralizing signal
in the signaling activities of both the axial and paraxialsecreted by axial midline cells of the notochord (re-
mesoderm and the epidermal ectoderm.viewed by Placzek, 1995; Hammerschmidt et al., 1997),
and an opponent dorsalizing signal mediated by bone
morphogenetic proteins (BMPs) derived initially from the Results
epidermal ectoderm (Basler et al., 1993; Selleck and
Previous studies (Ericson et al., 1995) have shown that
distinct ventral cell types are induced at telencephalic³To whom correspondence should be addressed.
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Figure 1. BMP4-Mediated Induction of Dorsal Markers in the Neural Plate
Panels show the distribution of Msx1/2 and Slug proteins and BMP4 mRNA in Hamburger-Hamilton stage 6 (A±F) and stage 8 (G±L) chick
embryos.
(A±C) Sections at the prospective rhombencephalic level, just rostral to Hensen's node, showing expression of Msx1/2 (A), Slug (B), and
BMP4 (C).
(D±F) Sections at the prospective telencephalic level showing expression of Msx1/2 (D), Slug (E), and BMP4 (F).
(G±I) Sections through rhombencephalon just rostral to the first somite showing expression of Msx1/2 (G), Slug (H), and BMP4 (I).
(J±L) Sections through a caudal level of the prospective telencephalon showing the absence of expression of Msx1/2 (J), Slug (K), and BMP4
(L) from neural tissue. In more rostral telencephalic levels, Msx1/2 expression is not detected in the epidermal ectoderm (not shown).
Arrows in (D) and (J) indicate approximate position of the border between epidermal ectoderm and neuroectoderm, determined by expression
of L5 (Streit et al., 1997; data not shown).
Scale bar for stage 6 embryos (A±F), 100 mm; for stage 8 embryos (G±L), 134 mm.
(M) Position of the prospective telencephalic (T) and rhombencephalic (R) regions in a stage 6 chick embryo, determined by construction of
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and more caudal levels of the neural tube in response These differences are maintained until stage 16 (data
not shown).to SHH signaling. Thus, ventral fates appear to be de-
pendent on a preestablished rostrocaudal regional iden- At spinal cord levels, Msx1/2 and Slug expression can
be induced by signals from the epidermal ectoderm thattity of neural cells. This finding raises two issues. First,
is the generation of distinct classes of dorsal cell types are mimicked by BMPs (Liem et al., 1995). This finding
prompted us to examine whether the rostrocaudal ex-also constrained by a rostrocaudal restriction in the early
properties of neural plate cells? Second, are such rostro- tent of Msx1/2 and Slug expression might be a reflection
of the domain of BMP gene expression in the flankingcaudal differences intrinsic to neural cells, or are they
imposed by signals from nonneural tissues? And, if so, epidermal ectoderm. Consistent with other recent stud-
ies (Pourquie et al., 1996; Schultheiss et al., 1997) inwhat is the source of such signals?
stage 6±8 embryos, BMP4 was expressed at R levels
initially by cells in the epidermal ectoderm adjacent toRostrocaudal Distinction in Dorsal Neural Cell
the neural plate and later in the lateral neural plate (Fig-Character and Ectodermal
ures 1C and 1I; data not shown). In contrast, at T levels,Expression of BMP
expression of BMP4 was not detected in the epidermalTo address whether the generation of dorsal, as well as
ectoderm or in the lateral margin of the neural plateventral, cell types is constrained by the early rostrocau-
(Figures 1F and 1L). At these stages, BMP7 was alsodal character of neural plate cells, we first defined the
expressed in the neural and epidermal ectoderm in apattern of differentiation of dorsal cell types at prospec-
pattern similar to that of BMP4, but at lower levels (datative rhombencephalic (R) and anterior prosencephalic
not shown). These observations show that up to stagetelencephalic (T) levels of the neuraxis. Neural progeni-
8, the expression of BMP4 and BMP7 in the epidermaltor cells of dorsal character were identified by expres-
ectoderm flanking the neural plate is restricted to caudalsion of the Msx1/2 homeodomain proteins (Liem et al.,
levels (Figure 1M).1995; Monsoro-Burq et al., 1995). Premigratory neural
crest cells represent a dorsal cell type that is generated
selectively at levels caudal to the mid-diencephalon Telencephalic Progenitors Respond to BMPs and
to Signals from Caudal Epidermal Ectoderm(Couly and Le Douarin, 1986; Sechrist et al., 1995; N. Le
Douarin and A. Lumsden, personal communication). We but Do Not Generate Caudal Cell Types
The absence of neural crest cell generation at T levelstherefore used the presence of premigratory neuronal
crest cells as a marker of caudal neural fate, identifying could reflect the lack of a relevant inductive signal from
the epidermal ectoderm, a restriction in the ability of Tthese cells by expression of the zinc finger protein Slug
(Nieto et al., 1994; Liem et al., 1995). In embryos exam- progenitor cells to respond to such a signal, or both. To
examine these possibilities, we monitored the expres-ined at Hamburger-Hamilton stage 6, the neural plate
at R levels expressed Msx1/2 but not Slug in the lateral sion of Msx1/2 and the generation of Slug1and HNK-11
neural crest cells instage 6 neural plateexplants isolatedpart of the neural plate (Figures 1A and 1B). At T levels,
neither Msx1/2 nor Slug were expressed by neural cells, from R levels (Figure 1M) and stage 6 and stage 8 ex-
plants isolated from T levels (Figure 1M; see also Coulyalthough Msx1/2 was expressed in the epidermal ecto-
derm at R and to a lesser extent at T levels (Figures 1D and Le Douarin, 1986). The neural origin of these ex-
plants was established by the expression of the L5 anti-and 1E). By stage 8, both Msx1/21 and Slug1 cells were
detected in the dorsal neural folds at R levels (Figures gen (Roberts et al., 1991; Figures 1Q, 1Y, and 1G9).
Explants were cultured for 24±44 hr alone or with BMP4.1G and 1H), but neither marker was expressed at T levels
of the neural plate (Figures 1J and 1K). Thus, by stage In explants grown alone, Msx1/21 cells were detected
at R but not at T levels (Figures 1N, 1V, and 1D9). No8, there are marked differences in the profile of gene
expression by dorsal neural plate cells at R and T levels. Slug1 cells or migratory HNK-11 cells were detected in
a neural plate fate map (Ericson et al., 1995; M. Placzek, personal communication). The border between neuroectoderm (blue) and epidermal
ectoderm (green) is indicated by a broken line. Dotted line indicates the approximate extent of the epiblast. Boxed areas indicate regions
from which explants were isolated. Hatched areas (red) indicate regions expressing BMP4.
(N±Q) R level stage 6 neural plate explants (n 5 6) cultured alone express Msx1/2 (40% 6 5% cells/section; n 5 8 sections; [N]). No Slug1
cells (O) or migrating HNK-11 cells (P) are detected. All cells in such explants express the L5 epitope (Q).
(R±U) In the presence of BMP4, 48% 6 4% cells/section (n 5 15 sections from 10 different R explants) express Msx1/2 (R), 35% 6 4% cells/
section (n 5 15 sections) express Slug (S), and numerous migrating HNK-11 cells (T) are detected. L5 expression is maintained in such
explants (U).
(V±Y) No Msx1/21 (V), Slug1 (W), or migrating HNK-11 cells (X) are detected in stage T level explants cultured in control medium. Virtually all
cells in these explants express L5 (Y).
(Z±C9) In the presence of BMP-4, all stage 6 T level explants (n 5 15) express Msx1/2 (23% 6 5% cells/section; n 5 30 sections; [Z]), but no
Slug1 (A9) or migrating HNK-11 cells (B9) are detected. L5 expression is maintained (C9).
(D9±G9) Cells in stage 8 T level explants grown in the absence of BMP4 do not expres Msx1/2 (D9) or Slug (E9), and no migrating HNK-11 cells
are detected (F9). All cells in such explants express L5 (G9).
(H9±K9) Cells in stage 8 T level explants grown with BMP4 express Msx1/2 (32% 6 6% cells/section; n 5 10 sections; [H9]) but not Slug1 cells
(I9), and no migratory HNK-11 cells are detected (J9). L5 expression is maintained (K9).
Expression of Msx1/2, Slug, and L5 was analyzed after 24 hr in culture, and expression of HNK-1 was analyzed after 44 hr.
Values indicate mean 6 SD.
Scale bar for Msx1/2 Slug and L5 micrographs, 60 mm; for HNK-1 micrographs, 90 mm.
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Figure 2. Rostrocaudal Restriction in the Dorsalizing Activity of Epidermal Ectoderm
Stage 6 R and T level neural plate explants were cultured alone or in contact with stage 6 epidermal ectoderm derived from R or T levels.
(A and B) All R level neural explants (n 5 6) express Msx1/2 (44% 6 7% cells/section; n 5 10 sections) when cocultured with R level epidermal
ectoderm (A) and Slug (26% 6 6% cells/section; n 5 10 sections; [B]).
(C, F, I, and L) Identification of neural tissue in recombinates by L5 expression. L52 tissue corresponds to epidermal ectoderm (ect).
(D and E) T level neural plate explants (seven out of eight) are induced to express Msx1/2 (18% 6 5% cells/section; n 5 20 sections) when
cocultured with R level epidermal ectoderm (D). However, no Slug1 cells (E) are detected.
(G and H) All R level neural explants (n 5 6) express Msx1/2 (41% 6 5% cells/section; n 5 8 sections; [G]) but not Slug (H) when cocultured
with T level epidermal ectoderm.
(J and K) T level neural plate explants do not express Msx1/2 (J) or Slug (K) when cocultured with T level epidermal ectoderm.
Values indicate mean 6 SD.
Expression of Slug and L5 was analyzed after 24 hr in culture.
Scale bar, 50 mm.
neural plate explants from either R (Figures 1O and 1P) tested this by comparing the ability of epidermal ecto-
derm isolated from R or T levels to induce Slug expres-or T levels (Figures 1W, 1X, 1E9, and 1F9). Addition of
BMP4 induced Msx1/2 (Figures 1Z and 1H9) but not sion in R neural plate explants and both Msx1/2 and
Slug expression in T neural plate explants. R epidermalSlug1 (Figures 1A9and 1I9) or HNK-11 cells (Figures 1B9
and 1J9) in explants derived from T levels, whereas these ectoderm induced the expression of Slug in R neural
plate explants (Figure 2B) and induced Msx1/2 but notneural crestmarkers were inducedin R explants (Figures
1S and 1T). Thus, even though T level progenitor cells Slug expression in T neural plate explants (Figures 2D
and 2E). In contrast, T epidermal ectoderm did not in-respond to BMPs, they do not generate neural crest
cells. duce Slug expression in R neural plate explants (Figure
2H), nor did it induce Msx1/2 or Slug expression in TThe ability of cells in T explants to respond to BMPs
permitted us to examine whether the epidermal ecto- neural plate explants (Figures 2J and 2K). These results
show that the epidermal ectoderm at T levels is devoidderm at T levels possesses any dorsalizing activity, inde-
pendent of the expression of BMP4 and BMP7. We of detectable Msx1/2-inducing activity, although such
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Figure 3. Rhombencephalic Level Paraxial Mesoderm Acts on Telencephalic Neural Plate to Confer Caudal Potential for Generation of Dorsal
Cell Types
Stage 6 T level neural plate explants were cultured in contact with stage 6 R level paraxial mesoderm or T level lateral mesendoderm.
(A±D) T explants cocultured with R level paraxial mesoderm do not generate Msx1/21 (A), Slug1 (B), or migrating HNK-11 cells (D). Neural
tissue is detected by L5 expression in all experiments (C, G, K, and O).
(E±H) All T explants (n 5 10) cocultured with paraxial mesoderm in the presence of BMP4 express Msx1/2 (29% 6 4% cells/section; n 5 20
sections; [E]), and eight out of ten explants express Slug (22% 6 8% cells/section; n 5 20 sections; [F]). Numerous migrating HNK-11 cells
(H) are also generated.
(I±L) T level neural plate explants cocultured with T level lateral mesoendoderm do not generate Msx1/21 (I), Slug1 (J), or migrating HNK-11
cells (L).
(M±P) All T neural explants (n 5 10) cocultured with T level lateral mesendoderm in the presence of BMP4 express Msx1/2 (22% 6 4% cells/
section; n 5 20 sections; [M]), but no Slug1 (N) or migrating HNK-11 (P) cells are detected.
Explants analyzed for expression of Msx1/2, Slug, and L5 were sectioned after 24 hr in culture, and expression of HNK-1 was analyzed after
44 hr. At least 6 explants were analyzed in each experiment.
Values indicate mean 6 SD.
Scale bar for Msx1/2, Slug, and L5 micrographs, 40 mm; for HNK-1 micrographs, 77 mm.
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activity is readily detectable in the epidermal ectoderm To test this possibility, we cultured stage 6 T neural
plate explants with potential sources of a caudalizingat R levels. Thus, the absence of expression of Msx1/2
during the early development of the telencephalon in signal. We first monitored dorsal cell fates, as assessed
by the generation of Slug1 cells and HNK-11 neuralvivo may reflect the exclusion of BMP expression from
the flanking epidermal ectoderm. crest cells in the presence of BMP4. R level epidermal
ectoderm did not induce Slug expression in T explants,
providing evidence that the epidermal ectoderm doesParaxial Mesoderm Induces Caudal Potential
in Telencephalic Neural Progenitors not possess a caudalizing activity. Caudal neural plate
tissue also appears not topossess a caudalizing activity.The existence of an early rostrocaudal difference in the
properties of neural plate cells, defined by the potential Stage 6 and 8 quail R intermediate neural plate explants
did not induce the generation of Slug1 and HNK-11 cellsfor generation of both dorsal and ventral cell types,
prompted us to examine how this regional property of in chick T explants in the presence of BMP4 (data not
shown).neural progenitors might be established. One possibility
is that T fates are acquired in response to a rostralizing Since the paraxial mesoderm underlies the neural
plate at early stages, we next examined whether paraxialsignal from rostral nonneural tissues.
To test this, we examined the ability of rostral tissues mesoderm might possess such a caudalizing activity.
To test this possibility, R level paraxial mesoderm or Tto induce telencephalic properties in R neural plate ex-
plants. T level epidermal ectoderm did not suppress level lateral mesendoderm was isolated at stage 6 and
grown in contact with T neural plate explants for 24 hrSlug expression when grown in contact with stage 6 (or
stage 4, see below) R level neural plate explants in the in the absence or presence of BMP4. T neural explants
grown with R level paraxial mesoderm in the presencepresence of BMP4 (data not shown). Moreover, R neural
explants grown with T epidermal ectoderm in the pres- of BMP4 generated Msx1/21, Slug1, and HNK-11 cells
(Figures 3E±3H), whereas these markers were not in-ence of SHH (10 nM) did not generate cells that ex-
pressed the homeodomain protein Nkx2.1 (data not duced by R level paraxial mesoderm in the absence of
BMP4 (Figures 3A±3D). Placement of a Nucleopore filtershown), a marker of ventral progenitor cells at T levels
(Ericson et al., 1995). Thus, T level epidermal ectoderm between the paraxial mesoderm and T explants in the
presence of BMP4 blocked expression of Slug but notis devoid of detectable rostralizing activity. In contrast,
stage 6 prechordal mesoderm underlying the rostral- of Msx1/2 (data not shown), suggesting that R level
paraxial mesoderm requires contact with responsive tis-most region of the neural plate did induce Nkx2.1 ex-
pression in R level neural plate explants, but only in sues to exert its caudalizing activity. R level paraxial
mesoderm alone did not induce Slug1 or HNK-11 cellsexplants isolated at stage 4 and not at stage 6 (data
not shown). These results provide evidence that the in T or R level neural explants (data not shown), indicat-
ing that the paraxial mesoderm activity does not actprechordal mesoderm possesses a rostralizing activity
and also suggest that in chick, caudal neural plate cells simply by converting Msx1/21 progenitors into neural
crest cells. T level lateral mesendoderm did not inducerapidly lose the competence to respond to this pre-
chordal mesoderm signal. A detailed characterization Slug1 or HNK-11 cells when cultured with T level neural
explants alone (Figures 3I±3L) or in the presence ofof the rostralizing activity of prechordal mesoderm is
described by Dale et al. (1997), and therefore in the BMP4 (Figures 3M±3P).
We found that T neural progenitors had lost the com-present study we have not investigated this activity fur-
ther. The distinction in the early rostrocaudal properties petence to generate neural crest cells upon exposure
to paraxial mesoderm-derived caudalizing (PMC) activ-of neural plate cells might, however, also depend on the
existence of a factor that can impose caudal character ity at stage 9. However, such T neural progenitors re-
mained responsive to BMPs as assessed by inductionofon neural plate cells.
Figure 4. Paraxial Mesoderm, but Not Notochord or Hensen's Node, Acts on Telencephalic Neural Plate to Confer Caudal Potential for
Generation of Ventral Cell Types
Stage 6 T level chick neural plate explants were cocultured with stage 6 quail R level paraxial mesoderm or T level mesendoderm with or
without SHH-N (1028 M) or with stage 6 quail notochord or Hensen's node.
(A±C) T neural plate explants cocultured with R paraxial mesoderm do not express Nkx2.1 (A), Isl1/SC1 (B), or FP1 (C).
(E±G) T level neural plate explants (eight out often) cocultured with R paraxial mesoderm in the presence of SHH-N contain few Nkx2.11 cells
(6% 6 3% of cells/section; n 5 20 sections; [E]). Numerous cells (12% 6 7% of cells/section; n 5 20 sections) in explants (n 5 8) coexpress
Isl1 and SC1 (F), and seven of these eight explants express FP1 (17% 6 9% of cells; n 5 20 sections; [G]).
(I±K) T level neural plate explants cocultured with T level lateral mesoendoderm do not express Nkx2.1 (I), Isl1/SC1 (J), or FP1 (K).
(M±O) All T level neural plate explants (n 5 6) cocultured with T level lateral mesendoderm in the presence of SHH-N express Nkx2.1 cells
(80% 6 9% of cells/section; n 5 15 sections; [M]) and Isl1 (25% 6 7% of cells/section; n 5 15 sections; [N]), but no SC11 (N) or FP11 cells
(O) are detected.
(Q±S) All T level neural plate explants (n 5 6) cocultured with stage 6 R level notochord express Nkx2.1 (69% 6 14% of cells/section; n 5 10
sections; [Q]) and Isl1 (24% 6 11% of cells/section; n 5 10 sections; [R]), but no SC11 (R) or FP11 cells (S) are detected.
(U±V) All T level neural plate explants (n 5 6) cocultured with stage 6 Hensen's node notochord express Nkx2.1 (61% 6 13% of cells/section;
n 5 10 sections; [U]) and Isl1 (13% 6 7% of cells/section; n 5 10 sections; [V]), but no SC11 (V) or FP11 cells (W) are detected.
(D, H, L, P, T, and X) In all experiments, quail cells were defined by expression of QCPN antigen.
Explants were analyzed for expression of ventral neural tube markers after 48 hr.
Values indicate mean 6 SD.
Scale bar for Nkx2.1, FP1, and QCPN micrographs, 40 mm; for Isl1/SC1 micrographs, 30 mm.




Msx1/2 expression (Figure 1H9; data not shown). Taken hedgehog when grown in vitro (data not shown). Both
cell groups induced Nkx2.11 cells (Figures 4Q and 4U)together, these results on the generation of neural crest
cells provide one line of evidence that unsegmented R and Isl11/SC12 cells (Figures 4R and 4V) but not FP11
floor plate cells (Figures 4S and 4W) in T level explants.level paraxial mesoderm expresses an activity that can
impose caudal properties on T level neural progenitors. We also tested for caudalizing activity in Hensen's node
and the notochord by assaying the generation of caudalWe next addressed whether caudal paraxial meso-
derm can also confer caudal potential on cells in T neural cells of dorsal character in T explants. To achieve this
it was necessary to eliminate SHH signaling, by main-plate explants with respect to the generation of ventral
cell types. To test this, conjugates of stage 6 R level taining Hensen's node and the notochord in the pres-
ence of function-blocking anti-SHH antibodies (Ericsonquail paraxial mesoderm and chick T neural explants
were grown in the presence of the N-terminal fragment et al., 1996). Under these conditions, and in the presence
of BMP4, neither Hensen's node nor the notochord in-of SHH (SHH-N; 10 nM). R levelparaxial mesoderm alone
did not induce any ventral neural cell types in T level duced Slug1 cells in T explants (data not shown). By
these criteria, neither Hensen's node nor the notochordexplants in the absence of SHH-N (Figures 4A, 4B, and
4C). The addition of SHH-N alone induced Nkx2.11 and exhibit caudalizing activity, suggesting that such activity
is restricted to caudal level paraxial mesoderm.Isl11/SC12 cells (data not shown; Ericson et al., 1995;
see also Figure 4M), phenotypic markers characteristic
of cells generated in the ventral telencephalon. In the Paraxial Mesoderm Signals and the Establishment
of Caudal Character in the Neural Platepresence of both R level paraxial mesoderm and SHH-N,
however, the number of Nkx2.11 cells in T level explants We next examined the temporal profile of PMC activity,
addressing first whether PMC activity is detected atwas reduced by z95% (Figure 4E), and Isl11/SC11 mo-
tor neurons (Figure 4F) and FP11 floor plate cells (Figure early stages of neural plate formation. We therefore iso-
lated, at stage 4, the mesoderm located lateral to the4G) were induced. In contrast, in the presence of T level
lateral mesendoderm, SHH-N induced ventral forebrain- primitive streak, which lies beneath the ectoderm that
is fated to become the caudal neural plate (Figure 5;like Nkx2.11 cells and Isl11/SC12 cells (Figures 4M and
4N) but no floor plate cells (Figure 4O). These results see also the fate map of Garcia-Martinez et al., 1993).
This mesodermal tissue exhibited high PMC activityindicate that a signal from R level paraxial mesoderm
can also caudalize T neural progenitors, as assessed when assayed on stage 6 T level neural plate explants
grown in the presence of either SHH or BMP4 (Table 1).by their ability to generate ventral cell types.
Axial midline cells of Hensen's node and the noto- In contrast, mesendoderm located rostral to Hensen's
node (Figure 5) was devoid of such activity (Table 1).chord have been suggested to possess an activity that
can induce caudal neural differentiation (Kintner and Thus, PMC activity is expressed at an early stage in the
development of the caudal mesoderm and indeed priorDodd, 1991; Storey et al., 1992; Henrique et al., 1997).
We therefore tested whether the caudalizing activity of to the overt differentiation of the neural plate.
In view of this finding, we determined whether thethe paraxial mesoderm could be mimicked by these two
cell groups. Both R level notochord and Hensen's node caudal character of the neural plate is evident at this
stage. To test this, prospective neural plate explantsisolated from stage 6 quail embryos express sonic
Figure 5. Temporal and Spatial Restriction in Expression of Caudalizing Activity in the Paraxial Mesoderm
Boxed areas indicate regions of the caudal and rostral epiblast ectoderm of stage 4 embryos from which explants were isolated for in vitro
assays. Horizontal broken lines indicate approximate borders between the major subdivisions of the central nervous system, based on the
fate maps of Garcia-Martinez et al. (1993) and M. Placzek (personal communication). Shading indicates the domains of PMC activity. We have
not assayed whether PMC activity is detected at more caudal levels in stage 4 embryos. T, telencephalon; D, diencephalon; M, mesencephalon;
R, rhombencephalon; HN, Hensens's node.
Control of Neural Pattern by Paraxial Mesoderm
495
Table 1. Spatial and Temporal Expression of PMC Activity in Paraxial Mesoderm
Origin of Paraxial Incidence of Induced Proportion of Slug1
HH Stage Mesoderm Explants (%) Cells in Explants (%)
4 MRN 0 (0/6) 0
4 MCN 43 (3/7) 12 6 5
6 Diencephalic 43 (3/7) 14 6 6
Rhombencephalic 80 (8/10) 22 6 8
MCN 50 (6/12) 23 6 8
7 RM 22 (4/18) 16 6 7
1st somite 50 (6/12) 20 6 6
3rd somite 80 (8/10) 21 6 5
CM 33 (4/12) 18 6 5
MCN 0 (0/18) 0
8 RM 0 (0/14) 0
1st somite 0 (0/18) 0
3rd somite 33 (2/6) 14 6 2
5th somite 66 (8/12) 18 6 5
CM 30 (3/10) 15 6 8
MCN 0 (0/18) 0
Stage 6 T level neural plate explants were cocultured with paraxial mesoderm from different embryonic stages and axial levels in the presence
of BMP4. The incidence of induced explants was determined by expression of the Slug. Similar results were obtained when induction of FP1
by SHH-N was assayed (data not shown). Values indicate mean 6 SD. RM, rostral unsegmental mesoderm; CM, caudal unsegmental mesoderm;
and MRN and MCN, mesoderm rostral and caudal to Hensen's node.
were isolated at stage 4 from a region of the ectoderm activity (Table 1 and Figure 5). In contrast, the third to
fifth somites exhibited strong activity (Table 1 and Figureposterior to Hensen's node and lateral to the primitive
streak (Figure 5). This region is fated to give rise to 5). At stage 10, neither the unsegmented paraxial meso-
derm nor any somites possessed PMC activity (data notneural tissue at hindbrain and spinal cord levels (Garcia-
Martinez et al., 1993). When grown alone, these ectoder- shown; Figure 5). Thus, PMC activity is expressed from
stages 4±9 and over this period becomes restricted tomal explants generated neural tissue as assessed by
expression of the L5 marker (Figures 6C and 6F; Roberts the paraxial mesoderm adjacent to the neural plate at
caudal levels.et al., 1991). In addition, L51/Slug1 cells were generated
upon exposure to BMP4 (Figures 6E and 6F). Moreover,
upon exposure to SHH-N, these explants gave rise to
FGF Can Induce Caudalizing PropertiesIsl1/SC11 motor neurons (Figure 6Q) and FP11 floor
in Rostral Mesendodermplate cells (Figure 6R). In contrast, addition of BMP4 to
Several candidate factors have been suggested to pro-the region of prospective anterior neural plate that is
mote the development of caudal character within thefated to become forebrain (a region midway between
neural plate and neural tube.There isextensive evidenceareas ªerº and ªdº in Garcia-Martinez et al., 1993) gener-
that retinoids cause a rostral-to-caudal transformationated Msx1/21 but not Slug1 cells (Figures 6J and 6K).
in cell fate at hindbrain and forebrain levels of the neuralExposure of such explants to SHH-N generated L51/
tube (reviewed by Conlon, 1995). However, neither all-Nkx2.11 cells (Figure 6V) and Isl11/SC12 cells (Figure
trans retinoic acid nor 9-cis retinoic acid (10211±1027 M)6W) but not FP11 floor plate cells (Figure 6X). Taken
mimicked the ability of R level paraxial mesoderm totogether, these results indicate that PMC activity is ex-
induce Slug1 cells in T explants grown in the presencepressed at high levels in the prospective mesoderm
of BMP4 (data not shown).at stage 4 and show also that the early rostrocaudal
FGFs have also been suggested to play a role in thecharacter of caudal neural plate cells has been specified
induction of neural cells of caudal character in Xenopusat this stage.
ectoderm (Cox and Hemmati-Brivanlou, 1995; KengakuWe next examined the spatial profile of expression of
and Okamoto, 1995; Lamb and Harland, 1995). More-PMC activity in more detail. At stage 6, paraxial meso-
over, in vivo studies in chick embryos have shown thatderm from R and mesencephalic levels possessed high
basic FGF (bFGF) can mimic the ability of Hensen's nodePMC activity, whereas paraxial mesoderm from dience-
to induce expression of cash4, a neurogenic basic helix-phalic levels and from the region of the ectoderm caudal
loop-helix (bHLH) gene that is expressed transiently byto Hensen's node exhibited a lower activity (Table 1 and
caudal neural plate cells (Henrique et al., 1997). WeFigure 5). At stage 7 (three somite stage), the somites
therefore tested whether FGFs might mediate the cau-exhibited strong PMC activity, whereas the preotic lat-
dalizing activity of the paraxial mesoderm. Addition oferal mesoderm and the unsegmented paraxial meso-
FGF2 (25±100 ng/ml) in the presence of BMP4, however,derm located caudal to the somites possessed much
did not lead to the generation of Slug1 cells in T levellower activity (Table 1 and Figure 5). At this stage, para-
explants (Figure 7A). Similarly, the addition of FGF2 inxial mesoderm caudal to Hensen's node and at rostral
the presence of SHH-N (10 nM) resulted in thegenerationR levels exhibited noPMC activity. At stage 8 (five somite
of Isl11/SC12 cells but not motor neurons (Figure 7H).stage), PMC activity was no longer detectable in paraxial
Thus, FGF2 does not mimic the activity of caudal par-mesoderm rostral to and including the first somite. Cau-
dal unsegmented paraxial mesoderm exhibited a low axial mesoderm.
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It remains possible that in the in vivo systems in which bFGF is able to induce a PMC-like activity in T level
lateral mesendoderm and thus suggest that in the chickthe caudalizing activities of retinoic acid and FGF have
been demonstrated, these agents may affect neural pat- embryo, FGFs may contribute to the acquisition of cau-
dal neural plate character through an indirect actiontern only indirectly by modifying the rostrocaudal posi-
tional signaling properties of the paraxial mesoderm. If mediated by paraxial mesoderm.
this is indeed the case, retinoic acid or FGFs might be
capable of inducing caudalizing activity in T level lateral Discussion
mesendoderm, which, as shown above(Figures 4M±4O),
is normally devoid of such activity. An early step in the patterning of the vertebrate nervous
system is the allocation of regional identity to cells lo-We tested first whether addition of all-trans retinoic
acid or 9-cis retinoic acid (10 nM) to T level lateral mes- cated at different positions along the rostrocaudal axis
of the neural plate. Analysis of the expression of severalendoderm explants could induce a caudal potential in
the T neural plate cells. Simultaneous addition of retinoic marker genes, notably transcription factors (Shimamura
et al., 1995), taken together with the pattern of genera-acid and SHH-N (10 nM) to conjugates of T level neural
plate and T level mesendoderm did not result in the tion of specific cell types has revealed a fundamental
distinction in the identity of progenitor cells located atgeneration of Isl11/SC11 motor neurons (data not shown).
Similarly, addition of retinoic acid and BMP4 failed to telencephalic and more caudal levels of the neural tube.
In this study, we provide evidence that the establish-result in the induction of Slug1 cells in most (z70%)
of the explants, although a few (2±4) Slug1 cells were ment of this distinction in early rostrocaudal character
of neural plate cells may be controlled, in part, by thedetected in a minority (z30%) of explants. In contrast,
.100 Slug1 cells were generated in response to paraxial spatially restricted expression of a secreted activity
(PMC) derived from paraxial mesoderm. PMC activitymesoderm (Figure 3F). Thus, retinoids appear unable to
induce significant caudalizing activity in T level lateral can impose caudal properties on telencephalic progeni-
tor cells, such that their exposure to dorsalizing (BMP-mesendoderm.
We next examined the activity of FGF2 in this assay. mediated) or ventralizing (SHH-mediated) signals elicits
the differentiation of dorsal and ventral cell types char-When added alone, FGF2 (50±100 ng/ml) did not induce
Slug1 cells or Isl11/SC11 motor neurons in T mesendo- acteristic of the caudal neural tube. In turn, the establish-
ment of telencephalic progenitor properties would seemderm/T neural plate conjugates (Figures 7C, 7J, and 7K).
As described above (Figures 3N and 4N), no Slug1 cells to depend on the exclusion of PMC activity from the
prechordal mesoderm or lateral mesendoderm in addi-or Isl11/SC11 motor neurons were detected after expo-
sure of such conjugates to BMP4 or SHH-N, respec- tion to the activity of a rostralizing signal derived from
the prechordal mesoderm (see Ang et al., 1994; Dale ettively, in the absence of FGF2. However, addition of
FGF2 in the presence of BMP4 to T mesendoderm/T al., 1997). The Msx1/2 character of telencephalic pro-
genitor cells at early neural plate stages appears alsoneural plate conjugates resulted in the generation of
70 6 21 Slug1 neural cells (Figure 7E). Similarly, addition to depend on the initial exclusion of BMPs from the
flanking epidermal ectoderm. Taken together, these re-of FGF2 to T mesendoderm/T neural plate conjugates
in the presence of SHH-N (10 nM) resulted in the genera- sults suggest that the early distinction in the properties
of neural plate cells fated to give rise to the telencepha-tion of many Isl11/SC11 motor neurons (Figure 7N). In
addition, the number of Nkx2.11 cells generated in these lon and to more caudal structures involves positional
differences in the signaling properties of both the meso-explants was reduced by 60%±70% in the presence of
FGF2 (Figure 7M). These results provide evidence that derm and epidermal ectoderm.
Figure 6. Early Establishment of Rostrocaudal Character of the Neural Plate
Stage 4 epiblast ectoderm isolated from positions caudal or rostral to Hensen's node was grown alone and with BMP4 for 25 hr (A±L) or with
SHH for 50 hr (M±X).
(A±C) Explants of caudal epiblast ectoderm generate L51 neural tissue (C) but do not express Msx1/2 (A) or Slug (B).
(D±F) In the presence of BMP4, explants of caudal epiblast ectoderm (n 5 6) generate L51 neural tissue (F) that expresses Msx1/2 (21% 6
5% cells/section; n 5 8 sections; [D]) and Slug (15% 6 5% cells/section; n 5 8 sections; [E]).
(G±I) Explants of rostral epiblast ectoderm cultured alone generate L51 neural tissue (I) that does not express Msx1/2 (G) or Slug (H).
(J±L) In the presence of BMP4, explants of rostral epiblast ectoderm (n 5 6) generate L51 neural tissue (L) that expresses Msx1/2 (19% 6
5% cells/section; n 5 8 sections; [J]) but not Slug (K).
(M±O) Explants of caudal epiblast ectoderm cultured alone generate L51 neural tissue (not shown) that does not express Nkx2.1 (M), Isl1/
SC1 (N), or FP1 (O).
(P±R) In the presence of SHH-N, all explants of caudal epiblast ectoderm (n 5 8) generate L51 neural cells (not shown) that do not express
Nkx2.1 (P) but do express Isl1 and SC1 (25% 6 8% cells/section; n 5 10 sections; [Q]) as well as FP1 (25% 6 11% cells/section; n 5 10
sections; [R]).
(S±U) Explants of rostral epiblast ectoderm cultured alone generate L51 neural tissue (not shown) that does not express Nkx2.1 (S), Isl1/SC1
(T), or FP1 (U).
(V±X) In the presence of SHH-N, all explants of rostral epiblast ectoderm (n 5 8) generate L51 neural tissue (not shown) that expresses Nkx2.1
(61% 6 5% cells/section; n 5 10 sections; [V]) and Isl1 (21% 6 4% cells/section; n 5 10 sections; [W]) but does not coexpress SC1 (W) or
express FP1 (X).
Values indicate mean 6 SD.
Expression of Slug and L5 was analyzed after 24 hr and Nkx2.1 and Isl1/SC1 after 52 hr.
Scale bar for Msx1/2, Slug, L5, Nkx2.1, and FP1 micrographs, 50 mm; for Isl1/SC1 micrographs, 30 mm.
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A Caudalizing Activity in Paraxial Mesoderm experiments, however, the induction and regionalization
of the neural plate have not been examined separately.Several findings described here raise the possibility that
a signal derived from caudal level paraxial mesoderm A somite-derived signal has been shown to induce a
partial caudal transformation of rostral hindbrain neuralis involved in establishing the early caudal character
of neural plate cells. During normal development, PMC tissue in chick embryos (Itasaki et al., 1996; Grapin-
Botton et al., 1997). The temporal expression of PMCactivity is detected in the prospective caudal mesoderm
at stage 4, prior to the overt differentiation of the caudal activity described in this study and the somite-derived
hindbrain caudalizing activity, however, differ. It is likely,neural plate. PMC activity is maintained by the caudal
paraxial mesoderm for a limited period at stages of neu- therefore, that two distinct signals derived from caudal
level paraxial mesoderm can confer neural plate cellsral tube development. The expression of PMC activity
at these stages in a domain adjacent to the prospective with different aspects of caudal character. PMC activity
has been most clearly implicated in the establishmentrostral spinal cord, rhombencephalon, and mesenceph-
alon suggests that PMC activity could also contribute of an early caudal neural character, whereas later refine-
ments in positional identity at hindbrain levels appearto the acquisition of later caudal properties by neural
cells. to be controlled by the activity described by Itasaki et
al. (1996) and Grapin-Botton et al. (1997).The generation of neural crest cells and floor plate
cells together with the loss of Nkx2.1 cells suggests Retinoids (Conlon, 1995; Lamb and Harland, 1995; Papa-
lopulou and Kintner, 1996), FGFs (Doniach, 1995; Pown-that, when exposed to PMC activity, T neural plate cells
acquire the properties of progenitor cells normally lo- all et al., 1996), and Wnts (McGrew et al., 1995) have
been proposed as candidate factors involved in the ac-cated caudal to the diencephalon. In addition, the gener-
ation of motor neurons from T explants exposed to PMC quisition of caudal neural plate identity in vertebrate
embryos. PMC activity is not mimicked by retinoids, byactivity suggests that some T neural plate cells acquire
properties of progenitor cells located in or caudal to the FGFs, or by different classes of Wnts (Wnt 1, Wnt 4,
Wnt 5A; J. Muhr, unpublished data). PMC activity ismesencephalic level of the neuraxis. We have, however,
not detected the expression of the hindbrain level likely, therefore, to be mediated by a factor distinct from
previously described caudalizing molecules.marker Krox 20 (Wilkinson et al., 1989) or the midbrain
marker En-2 (Davis and Joyner, 1988) in T explants ex- It remains possible, however, that certain factors with
caudalizing activities, defined on the basis of in vivoposed to PMC activity (unpublished data). It is likely,
therefore, that additional signals present in vivo but not assays, may affect neural pattern only indirectly and
may normally be involved in establishing the positionalin vitro are required to generate further rostrocaudal
distinctions in neural cell identity. signaling properties of the paraxial mesoderm. In chick
embryos, one class of such factors may be the FGFs.
Recent in vivo studies have shown that bFGF can mimicPMC Activity and Its Relationship to Other
Caudalizing Signals the activity of Hensen's node to induce the expression
of cash4, a neurogenic bHLH gene expressed transientlyActivities that confer caudal identity to neural plate cells
have been described previously. In amphibian embryos, in the caudal neural plate (Henrique et al., 1997). Our in
vitro studies show, however, that neither Hensen's nodethe analysis of cell differentiation in grafts of naive ecto-
derm inserted into the neural plate provided early evi- nor bFGF can mimic the ability of the paraxial mesoderm
to induce caudal neural properties in telencephalic neu-dence for the existence of a factor that can caudalize
neural plate tissue (Nieuwkoop, 1952), but the origin and ral plate explants, whereas FGF2 can induce PMC activ-
ity in rostral mesendoderm. Thus, it is possible that thenature of this activity was not defined. Similarly, signals
derived from late organizer (or Hensen's node) tissue activity of Hensen's node and bFGFs on neural pat-
terning detected in vivo are mediated, at least in part,can induce neural tissue of caudal character in Xenopus
and chick ectoderm tissue (Kintner and Dodd, 1991; indirectly through an action to caudalize the paraxial
mesoderm. The expression of several fgfs, including fgf3Storey et al., 1992; Henrique et al., 1997). Recent studies
have also provided evidence that avian paraxial meso- and fgf8 in the primitive streak region (Mahmood et
al., 1995a, 1995b), taken together with the detection ofderm possesses a caudalizing activity when assayed on
Xenopus ectodermal tissue (Bang et al., 1997). In these caudalizing activity in mesoderm located lateral to the
Figure 7. FGF Can Induce Caudalizing Properties in Rostral Mesendoderm
Stage 6 T level neural plate explants were cultured with or without stage 6 T level lateral mesendoderm in the presence of FGF2 or with a
combination of FGF2 and BMP4 or FGF2 and SHH-N.
(A, C, and E) T explants (n 5 10) cultured with FGF2 and BMP4 (A) or cocultured with stage 6 T level lateral mesendoderm in the presence
of FGF2 (C) do not generate Slug1 cells. In 15 out of 18 conjugates of T level neural and lateral mesendoderm cultured in the presence of
BMP4 and FGF2, numerous Slug1 cells are present (13% 6 4% cells/section; n 5 20 sections; [E]). Neural tissue is detected by L5 expression
in all experiments (B, D, F, I, L, and O).
(G±N) T explants (n 5 10) cultured with FGF2 and SHH-N express Nkx2.1 (73% 6 8% cells; n 5 15 sections; [G]) and Isl1 (23% 6 3% cells;
n 5 15 sections; [H]) but not SC1 (H). T explants cocultured with stage 6 T level lateral mesendoderm in the presence of FGF2 do not express
Nkx2.1 (J) or Isl1/SC1 (K). In the presence of FGF2 and SHH-N, eight out of twelve conjugates of T neural/T lateral mesendoderm show a
distinct reduction in the number of Nkx2.11 cells (19% 6 9% cells; n 5 15 sections; [M]), and many cells (12% 6 6% cells; n 5 15 sections)
coexpress Isl1 and SC1 (N).
Values indicate mean 6 SD.
Scale bar for Slug, Nkx2.1, and L5 micrographs, 50 mm; for Isl1/SC1 micrographs, 33 mm.
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primitive streak suggests that FGF may induce caudal The dorsalizing role of BMP-mediated signals from
the epidermal ectoderm may, however, extend only toproperties in cells of the paraxial mesoderm as they
ingress through the primitive streak. the mid-diencephalic level at early neural plate stages.
Epidermal ectoderm flanking the prospective rostral di-
encephalon and telencephalon lacks BMP4 and BMP7Establishment of the Rostrocaudal Character
expression at neural plate stages (Figure 1; data notof the Neural Plate
shown), and our in vitro assays show that the epidermalSince PMC activity can convert T neural cells to a more
ectoderm flanking the telencephalic level of neural platecaudal character, the caudal restriction in the domain
is devoid of detectable dorsalizing activity. Thus, theof expression of PMC activity is presumably a prerequi-
early exclusion of BMP expression from the epidermalsite for the establishment of the telencephalic character
ectoderm at rostral levels may effectively limit the do-of neural plate cells. Other studies have demonstrated
main within which neural crest generation occurs, inde-the existence of a prechordal mesoderm activity that
pendent of any restrictions imposed by the absence ofcan maintain or impose rostral character on caudal neu-
PMC activity. Our results do not exclude that at laterral plate cells (Ang et al., 1994; Dale et al., 1997). An
stages the epidermal ectoderm and even telencephalicactive signaling process, therefore, appears also to be
neural tissue itself may express BMPs (see Furuta et al.,required to establish the rostral character of the neural
1997), but at these late stages, the competence of neuralplate.
tissue to respond to BMPs with the generation of neuralIn our studies and in those of Dale et al. (1997) and
crest cells appears to have been lost.Foley et al. (1997), the caudalization and rostralization
of theneural plate occurs later than the process of neural
Coordination of Rostrocaudal and Dorsoventralinduction itself. This raises the issue of the positional
Pattern in the Forebraincharacter of the neural plate at the time of its initial
The present studies on the patterning activity of theinduction. Ectopic neural plate tissue that exhibits nei-
paraxial mesoderm and epidermal ectoderm, togetherther rostral norcaudal character can be induced in chick
with the analysis of the inductive properties of the pre-embryos (Streit et al., 1997). The imposition of rostral and
chordal mesoderm (Dale et al., 1997), suggest that thecaudal character on neural plate cells by mesodermal
establishment of cell fate and pattern at rostral dience-signals could therefore occur in a manner distinct from,
phalic/telencephalic regions of the neuraxis deploysand subsequent to, the inductionof an unpatterned neu-
many of the same signals that operate at caudal levelsral plate primordium. This possibility was considered in
but uses them in different strategic combinations.studies of neural induction by Waddington and Need-
At caudal levels of the neuraxis, the diversification ofham (1936). A contrasting view, however, has emerged
cell types depends on the ventralizing activity of SHHfrom certain studies of neural induction and patterning
from the axial mesoderm and on the dorsalizing activityin Xenopus, which suggest that newly induced neural
of BMPs from the epidermal ectoderm (Tanabe and Jes-ectoderm possesses an initial rostral (anterior) char-
sell, 1996). The early establishment of telencephalicacter and that the establishment of caudal identity in-
character within the neural plate appears also to involvevolves a secondary transformation of rostral neural tis-
spatial restrictions in SHH and BMP signaling, but in asue (Nieuwkoop 1952; Doniach, 1993; Harland, 1997).
manner divergent from that operating at caudal levels.These different interpretations could reflect fundamen-
In the ventral region of the rostral diencephalon andtal distinctions in the programs by which neural pat-
telencephalon, BMP activity appears to cooperate with,terning is achieved in amniotes and amphibia, or the
rather than antagonize, SHH signals in establishing mid-fragmentary nature of the information currently available
line cell fates (Dale et al., 1997). In contrast, in the dorsalon the cellular and molecular events that underlie in
region, progenitor cell properties may depend on theearly neural patterning in vertebrates.
early exclusion of BMPs from the epidermal ectoderm.
Thus, at rostral diencephalic and telencephalic levels of
Dorsal Patterning in the Telencephalon the neural plate, there appears to have been a dorsal-
The acquisition of dorsal neural fates at spinal cord to-ventral translocation (from the epidermal ectoderm to
levels is initiated at the neural plate stage and appears the prechordal mesoderm) in the source of BMP signals.
to involve a BMP-mediated signal from the epidermal This inversion in the polarity of BMP signaling, together
ectoderm (Liem et al., 1995; Tanabe and Jessell, 1996). with the spatial restriction in PMC activity, may underly
The present studies extend these observations by pro- many of the distinctions in inductive signaling properties
viding evidence that BMPs also control the differentia- of cell groups that flank the neural plate. These distinc-
tion of dorsal cell types at more rostral levels of the tions are likely to contribute to the emergence of a diver-
neuraxis. Recent studies of BMP7 activity in the mouse gent program of cell differentiation at telencephalic lev-
(Arkell and Beddington, 1997) are also consistent with els of the neuraxis.
the view that BMP-mediated signals dorsalize the neural
tube at hindbrain levels. In chick, both BMP4 and BMP7 Experimental Procedures
are expressed in the epidermal ectoderm flanking the
In Situ Hybridization and Immunohistochemistryneural plate at hindbrain and midbrain levels. Moreover,
In situ hybridization histochemistry was performedwith digoxigenin-the anterior boundary of BMP expression appears to be
labeled probes essentially as described by Schaeren-Wiemers and
coextensive with the rostral limit of neural crest differen- Gerfin-Moser (1993). Chick BMP2 and BMP4 cDNAs (Liem et al.,
tiation (data not shown; Sechrist et al., 1995; Pourquie 1995) were provided by Dr. P. Brickell (Francis et al., 1994). BMP7
cDNA was provided by K. Liem. Immunhistochemical localizationet al., 1996; Schultheiss et al., 1997).
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of proteins was performed as described (Yamada et al., 1991). MAb Expression of Pax-3 is initiated in the early neural plate by posteri-
orizing signals produced by the organizer and by posterior non-4G1 is directed against the Msx1 MAb IF4 against the Slug (Liem
et al., 1995). MAb HNK-1 identifies neural crest cells (Tucker et al., axial mesoderm. Development 124, 2075±2085.
1984). In recombinant explants, chick neural tissue was delineated Basler, K., Edlund, T., Jessell, T., and Yamada, T. (1993). Control of
with MAb L5 (Roberts et al., 1991). Nkx2.1 was detected using anti- cell pattern in the neural tube: regulation of cell differentiation by
Nkx2.1 rabbit antibodies (Lazzaro et al., 1991), and Isl1/2 was de- dorsalin-1, a novel TGFb family member. Cell 73, 687±702.
tected using rabbit anti-Isl1/2 (Ericson et al., 1992). SC1 was de- Chiang, C., Litingtung, Y., Lee, E., Young, K.E. Corden, J.L., West-
tected with MAb SC1 (Tanaka and Obata, 1984), and floor plate phal, H., and Beachy, P.A. (1996). Cyclopia and defective axial pat-
cells were detected with FP1 (Yamada et al., 1991). MAb QCPN terning in mice lacking Sonic hedgehog gene function. Nature 383,
detects quail perinuclear antigens (generated by B. Carlson; Devel- 407±413.
opmental Studies Hybridoma Bank). Rabbit (H4) and monoclonal
Conlon, A.R. (1995). Retinoic acid and pattern formation in verte-(MAb 5E1) antibodies directed against SHH-N were used to block
brates. Trends Genet. 11, 314±319.SHH activity (Ericson et al., 1996).
Couly, G.F., and Le Douarin, N.M. (1986). Mapping of the early neural
primordium in quail-chick chimeras. II. The prosencephalic neural
Preparation of Inducing Factors
plate and neural folds: implications for the genesis of cephalic hu-COS cells were transfected using Lipofectamine (GIBCO BRL; Roe-
man congenital abnormalities. Dev. Biol. 120, 198±214.link et al., 1994) with BMP4 (in pRK5, provided by R. Derynck), BMP7
Cox, W.G., and Hemmati-Brivanlou, A. (1995). Caudalization of neu-(in pcDNA-1, provided by K. Liem), or Wnt 1, Wnt 4, and Wnt 5A in
ral fate by tissue recombination and bFGF. Development 121, 4349±pMT21 (cDNAs provided by A. P. McMahon). The activity of the
4358.Wnt-expressing COS cells was assayed by maintenance of En-1/2
Dale, J.K., Vesque, C., Lints, T.J., Sampath, K.T., Furley, A., Dodd,expression in prospective midbrain neural explants of stage 6 chick
J., and Placzek, M. (1997). Cooperation of BMP7 and SHH in theembryos. BMP4 and BMP7 conditioned medium was prepared by
induction of forebrain ventral midline cells by prechordal mesoderm.incubating transfected COS cells for 48 hr in OPTI-MEM (Bethesda
Cell 90, 257±269.Research Laboratory). BMP4 conditioned medium was diluted 1:2,
and baculovirus-SHH-N (Ericson et al., 1996) was used at 1028 M. Davis, C.A., and Joyner, A.L. (1988). Expression patterns of the
Human recombinant FGF2 was used at 50±100 nM. A reporter con- homeobox-containing genes En-1 andEn-2 andthe proto-oncogene
taining three copies of a retinoic acid response element from the int-1 diverge during mouse development. Genes. Dev. 2, 1736±1744.
RAR beta gene promoter linked to the b-galactosidase gene Dickinson, M.E., Selleck, M.A., McMahon, A.P., and Bronner-Fraser,
(Wagner et al., 1992) was used to assay the activities of all-trans M. (1995). Dorsalization of the neural tube by the non-neural ecto-
and 9-cis retinoic acid in transfected COS-7 cells. derm. Development 121, 2099±3106.
Doniach, T. (1993). Planar and vertical induction of anteroposterior
Isolation and Growth of Explants pattern during the development of the amphibian central nervous
Epiblast ectoderm located rostral and caudal to Hensen's node system. J. Neurobiol. 24, 1256±1275.
mesoderm underlying the caudal epiblast ectoderm was isolated Doniach, T. (1995). Basic FGFas an inducer of anteroposteriorneural
from stage 4 (Hamburger and Hamilton, 1951) chick embryos. Inter- pattern. Cell 83, 1067±1070.
mediate neural plate explants corresponding to presumptive rhomb-
Ekker, S.C., Ungar, A.R., Greenstein, P., von Kessler, D.P., Porter,encephalic and telencephalic regions were isolated from stage 6
J.A., Moon, R.T., and Beachy, P.A. (1995). Patterning activities ofchick embryos (Ericson et al., 1995) and cultured for 24±60 hr. Epi-
vertebrate hedgehog proteins in the developing eye and brain. Curr.dermal ectoderm was isolated from telencephalic and rhomben-
Biol. 5, 944±955.cephalic levels. T level lateral mesendoderm, underlying the region
Ericson, J., Thor, S., Edlund, T., Jessell, T.M., and Yamada, T. (1992).from which T level neural plate explants were isolated, and pre-
Early stages of motor neuron differentiation revealed by expressionchordal mesoderm were dissected from stage 6 embryos. Hensen's
of homeobox gene Islet-1. Science 256, 1555±1560.node was isolated from stage 6 quail embryos and notochord from
rhombencephalic levels of stage 6 quail embryos. Paraxial meso- Ericson, J., Muhr,J., Placzek, M., Lints,T., Jessell, T.M., and Edlund,
derm was isolated from the regions and embryonic stages described T. (1995). Sonic hedgehog induces the differentiation of ventral fore-
in Figure 5. Explants and conjugates were cultured in OPTI-MEM brain neurons: a common signal for ventral patterning within the
medium with N-2 supplement (GIBCO BRL). In transfilter experi- neural tube. Cell 81, 747±756.
ments, Nucleopore 0.2 mm filters (Costar) were used. Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell T.M.
(1996). Two critical periods of Sonic hedgehog signaling required
for the specification of motor neuron identity. Cell 87, 661±673.Acknowledgments
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